ABSTRACT: The weakly coordinated triflate complex [(pAp)Pd(OTf)]+(OTf)-(1) (pAp :::: 1,3-bis(di-tert-butylphosphino)propane) is a suitable reactive precursor for mechanistic studies of the isomerizing alkoxcarbonylation of methyl oleate. Addition of CH 3 0H or CD 3 0D to 1 forms the hydride species [(p A P)PdH(CH 3 0H)J+(OTf)-(2-CH 3 0H) or the deuteride [(p A P)PdD(CD 3 0D)]+(OTf)-(2D_ CD 3 0D), respectively. Further reaction with pyridine cleanly affords the stable and isolable hydride (pAp)PdH_ (pyridine)]+(OTf)-(2-pyr). This complex yields the hydride fragment free of methanol by abstraction of pyridine with BF 3 ·OEt 21 and thus provides an entry to mechanistic observations including intermediates reactive toward methanol. Exposure of methyl oleate (100 equiv) to 2D-CD30D resulted in rapid isomerization to the thermodynamic isomer distribution, 94.3% of internal olefins, 5.5% of a,p-unsaturated ester and <0.2% of terminal olefin. Reaction of 2-pyr/BF 3 ;OEt 2 with a stoichiometriC amount of 1-13 C-Iabeled l-octene at -80 QC yields a 50:50 mixture of the linear alkyls [(pAP)Pdl3CHz(CH2)6CH3]+ and [(p A P)PdCH 2 (CH 2 )PCH 3 ]+ (4a and 4b). Further reactiOn with l3CO yields the linear acyls (PAP)Pdl3C(=0)12/13CH2(CH2)612/!3CH3(L)]+ (5-Li L:::: solvent or 13CO). Reaction of2-pyr/ BF 3 ·OEt 2 with a stoichiometric amount of methyl oleate at -80°C also resulted in fast isomerization to form a linear alkyl species [(pAP)PdCH2(CH2)16C(=0)OCH3J+ (6) and a branched alkyl stabilized by coordination of the ester carbonyl group as a four membered chelate [(pAp )PdCH{ (CH2)ISCH3}C( =0 )OCH3]+ (7). Addition of carbon monoxide (2.5 equiv) at -SO °c resulted in insertion to form the linear acyl carbonyl [(p A P)PdC(=0)(CH 2 ) I7 C(=0)OCH 3 (CO)]+ (S-CO) and the fivemembered chelate [(pAP)PdC(=0)CH{(CH1)ISCH3}C(=0)OCH3]+ (9). Exposure of S-CO and 9 to 13CO at -50°C
INTRODUCTION
The utilization of renewable resources as a source of chemicals requires their efficient conversion to useful building blocks. Fatty acids are attractive feedstocks due to their unique, long methylene sequences.
l Their incorporation into linear, longchain a,w-functionalized compounds is of interest, for example, for the generation of semicrystalline aliphatic polyesters and hydrophobic polyamides. The terminal functionalization of fatty acids is a synthetic challenge, however. Biotechnologicae,3 as well as entirely chemical catalytic approaches are studied to this end. Among the latter, isomerizing hydroformylation by rhodium complexes is noteworthy in the context of the approach presented here.
reported for the aforementioned ethylene carbonylation)9 nonetheless convert the double bond deep in the chain of an unsaturated fatty acid selectively to a terminal ester group (Scheme 1).10, 11 Step-growth polymerization of the products, Scheme 1. Isomerizing Alkoxycarbonylation of Methyl Oleate CO/MeOH ..
(PAP)Pd(II)-<:atalyst e.g. 1,19-dimethylnonadecandioate from methyl oleate, to novel, long-chain aliphatic polycondensates, and also their utility as precursors to novel a,w-difunctional compounds like diols and diamines have been demonstrated. 12 The origin of this unusual selectivity is unclear to date. We now present a full mechanistic analYSis, based on observation and identification of intermediates by variable-temperature nuclear magnetic resonance (NMR) spectroscopy, complemented by theoretical studies of selected steps.
IIII! RESULTS AND DISCUSSION
For this study, the weakly coordinated Pd(II) triflate complex of the bulky-substituted electron-rich chelating diphosphine 1, 3-bis( di-tert-butylphosphino ) propane [(p"p )Pd-(OTf)]+(OT£)-(1; P"P = 'BU2P(CH2)3P'Bu2) proved to be a suitable precursor. From I, a clean hydride complex could be isolated that provides an entry into mechanistic studies (vide infra), which was not possible in our hands from the corresponding trifiate complex of 1,2-( CH2P'Bu2)2C6H4 to date. 1 was accessed by reaction of the diphosphine with [Pd(dba)2] and subsequent oxidation of the palladium metal with benzoquinone in the presence of trifluoromethanesulfonic acid (for synthetic procedures cf. the Supporting Information).6b,8b In an alkoxycarbonylation experiment at elevated temperature and CO pressure using 1 as a catalyst precursor, methyl oleate was converted to 1,19-dimethylnonadecandioate with high conversion and selectivity (c£ Supporting Information [SI] ). This catalyst performance is similar to methoxycarbonylation of methyl oleate with the aforementioned diphosphine 1,2-( CH2P'Bu2)2C6H4; 12 in detail the reaction rate and selectivity are slightly lower with 1 by comparison to [{ 1,2-( CH2P'Bu2)2C6H4} Pd( OT£)] +( OTf)-. Computational studies were carried out on 1,2-(CH2P'Bu2)2C6H4-coordinated species, as the rigid phosphine backbone reduces the number of conformers and facilitates the identification of ground and transition states.
Pd(II)-Hydride Species. To provide an entry into the studies of the various reaction steps and intermediates, palladium hydrides [(P"P)PdH(L)]+ (p"p = 'BU2P-(CH2)3P'Bu2) were found to be suitable reactive species. Dissolution of the trifiate complex [(P"P)Pd(OTf)]+(OTf)-
(1) in CD 2 Cl 2 containing CH 3 0H or CD 3 0D, respectively, at room temperature resulted in clean conversion to the solvent coordinated hydride [(P"P)PdH(CH 3 0H)]+(OTf)-(2-CH 3 0H) or corresponding deuteride 2D-CD30D ( Figure  S15 14 For the anticipated observation of CO insertion reactions into palladium alkyl species the absence of alcohol is crucial, as immediate methanolysis occurs otherwise (vide infra). Addition of pyridine to 2-CH 3 0H resulted in displacement of methanol from the solvent coordinated hydride, to yield [(PAP)PdH_ (pyridine)]+(OTf)-(2-pyr) with 8 IH -9.07 (doublet of doublet with 2JPH.,m = 190.6 Hz and 2JpH", = 17.7 Hz) for 2Jpp = 26.0 Hz) for the inequivalent phosphorus atoms (-80°C; Figure 1 ). This pyridine adduct was isolated by removing the solvent in vacuum as a stable off-white solid (SI). Isomerization with Pd(II}-Hydrides. Exposure of excess methyl oleate (100 equiv) to a catalytic amount of2D-CD30D in a CD 3 0D/CD 2 CI 2 mixture (2/3 by volume) in an NMR tube at room temperature resulted in immediate isomerization of the double bond to an equilibrium of all isomers (94.3% of internal olefins, 5.5% of a,p-unsaturated ester, and <0.2% of terminal olefin (Figures S13 and S14 and Table S3, SI) . This observed distribution is confirmed to correspond to the thermodynamic distribution by isomerization experiments on other olefins, for which thermodynamic data is available (Tables SI and S2, SI) .IS Isomerization of methyl 5-hexenoate and l-octene, respectively, by 2D-CD30D in CD 3 0D yielded the thermodyamic distribution within experimental error, and correcting for chain lengths the portion of I-olefin and a,punsaturated ester agree with the isomer composition obtained from methyl oleate.
Isomerization was also observed in the presence of carbon monoxide. Ten equivalents of carbon monoxide were added at room temperature to a solution of 2-pyr in C 2 D 2 C1 4 , which resulted in displacement of pyridine by CO and formation of complex 3. Upon addition of 10 equiv of methyl oleate to this solution isomerization was observed via IH NMR spectroscopy.
At 50 cC resonances of the a,p-unsaturated ester as well as of the internal olefins appeared. Heating the sample to 70 cC led to faster isomerization but also fast decomposition (within 30 min) of 3 forming palladium black and free protonated ligand (evidenced by its signals in IH and 31p NMR spectroscopy). While this experiment does not distinguish between the effect of reversible coordination of CO and of formation of 3, which occurs here, on the rate of isomerization, it is evident that the presence of CO as a relatively strongly binding donor does not prevent isomerization.
Insertion of 1-0ctene and CO into Pd(II)-Hydrides. The capability of the hydride species 2 for very rapid isomerization was illuminated further by stoichiometric experiments at Iow temperature. Abstraction of pyridine from 2-pyr with a stoichiometric amount of BF 3 ·OEt 2 at 0 cC in CD 2 Cl 2 yielded a reactive species,'6 which upon addition of l_l3C_ labeled l-octene (0.95 equiv) at -80 QC immediately inserted the olefin cleanly and completely to form complex 4 (Scheme 2 Furthermore, insertion of 2-octene into 2-pyr/BF 3 ·OEt 2 leads to identical resonances in the 31p NMR spectrum. This shows that even at this Iow temperature the metal center is running along the alkyl chain by a series of rapid insertion and fJ-hydride elimination events. The chemical shifts of the phosphorus atoms observed here are not altered significantly by the presence of methanol. 18 This suggests that the fourth coordination site is likely occupied by a p-agostic interaction rather than coordination of methanol solvent.
Addition of 1.5 equiv of l3CO to complex 4 at -78 cC resulted in insertion of l3CO to form the linear acyl complex , 8 31p 76.42 and 34.78 ) and the acyl carbonyl complex S-BCO (with 8 31p 31. 49 and 28.12) . In these products of CO insertion the l3C-Iabel from the olefin is also evenly distributed in the a-and the terminal position of the acyl fragment, as evidenced clearly by the coupling patterns in the l3C and 31p NMR spectra ( Figures S18 and S19, 51) . 19 Note that due to the use of substoichiometric amounts of olefin in generation of complex 4 (vide supra), addition of l3CO to 4a and 4b, also generated the hydrido carbonyl complex 2-B CO (Figure 520 , SI). These experiments show that insertion of CO is only observed into the linear alkyl species. This is notable because, though only the primary alkyls are observed as products of insertion of internal olefin into Pd-H (vide supra), secondary alkyls must occur in small concentrations as intermediates of isomerization.
Insertion of methyl oleate and CO into Pd(lI)-Hydrides. Reaction of 2-pyr/BF 3 ·OEt 2 at -80 QC with 0.95 equiv of methyl oleate l3C-Iabeled at the carbonyl group afforded two novel species, 6 and 7 (Scheme 3 and Figure S22 SI), in a ratio of 1 to 4 (calculated from integration of 31 p NMR spectra). (Figure 524, SI) . Evidence for this structure arises from the observed coupling of one 31p resonance to the l3C label, and particularly from IH, l3 C HSQC and IH, 13 C HMBC correlation experiments in which the methine group next to the palladium center was clearly identified to be in the a position of the carbonyl group ( Figures S25-S27 , SI). That this four-membered chelate prevails in stability over the five-and six-membered isomers is likely a result of the very bulky tert-butyl substituted diphosphine ligand, which restricts the available space at the metal center. This finding is also supported by theoretical studies, which find a four-membered chelate to be lower in energy than the five-membered analogue (by 2.6 kcal mol-I, cf. SI, Figure S43 ).
By comparison, for analogous complexes in which the bulky tert-butyl substituents of the diphosphine are replaced by methyl groups the five-membered chelate was found to be energetically favorable indeed (by 3.3 kcal mol-I).
Upon addition of l3CO (1.5 equiv) species 6 and 7 react to form the novel compounds 8-L (L = solvent), 8-l3 CO and 9 (Scheme 4). Figure S28 , SI).20 8-l3 CO is the linear acyl carbonyl species [(P"P)Pdl3C(=O)(CH2)17l3COOCH3(l3CO)J+ with 0 3lp 31.50 and 28.20 and an additional resonance for coordinated l3CO in the carbon NMR spectrum ( Figure S29, S1 ). 21 The 3lp resonances of 8-L and 8-l3 CO are in good agreement to those of 5-L and 5-l3 CO, respectively (Table 1) . 9 was identified as the five-membered chelate [(P"P)Pd 13 C(=O)CH-{(CH2)15CH3}!3COOCH3J+ with 0 3lp 58.31 and 24.06 17699 ( Figure S30, SI) . 22 The ratio of linear (8-L and 8-l3 CO) versus branched (9) carbonyl species is ~1:1 (determined by integration of the 3lp NMR spectra). Notably, even in the presence of an excess of the strongly coordinating ligand l3CO (>6 equiv) the chelate 9 is not opened, and fonnation of 9.BCO is not observed.
Reversibility of CO Insertion. In the overall mechanistic picture, the reversibility of carbon monoxide insertion in the branched product pathway turns out to be a crucial issue (vide infra). To this end, l3C-Iabeled carbon monoxide was added to a sample of 8-CO and 9 at -50°C. This sample had been prepared as described above but without using !3C-Iabeled compounds and employing 2.5 equiv of CO to ensure that complexes 6 and 7 are converted completely to 8-CO and 9 ( Figure S36-S38, SI) . After addition of 10 equiv of l3CO at -78°C the sample was warmed to -50 °C and the exchange reaction was monitored via 3lp NMR spectroscopy. Exchange is evidenced by gradual appearance of additional 2Jpc couplings (Figures 2 and S39 and S40, SI), which was completed within 5 h. Figure 2 . Detail of 31p{IH} NMR spectra (measured at -80°C) of CO exchange in complex 9 (bottom: spectrum before addition of l3CO; top: after addition of 10 equiv of l3CO and 5 h at -50°C).
chemical shift I ppm
The reversible nature of this CO insertion is further corroborated by DFT studies ( Figures S44 and S45, SI) . The reaction 7 + CO +! 9 is nearly thermoneutral (AC = -2.9 kcal mol-I), and the insertion barrier of ACt = 12.5 kcal mol-l is relatively low (Figure 3 ). Note that this differs from the nature of the CO insertion into the linear alkyl (6 + CO +! 8) which is associated with a slightly lower barrier (ACt = 9.2 kcal mol-I) but higher energy gain of AC = -9.3 kcal mol-l (Figure 4) . Nevertheless, CO exchange was observed by NMR spectroscopy for both reactions.
Methanolysis. The final step of the catalytic cycle is alcoholysis of the acyl species. Addition of 0.5 equiv of methanol to a mixture of the acyl species 8-L, 8-l3 CO and 9 (prepared by addition of 1.5 equiv of l3CO to 6 and 7) at 
C .. ;:.-----------------------.
'.. 6 and 7) at -SO QC did not result in any observable methanolysis (evidenced by 3!p and BC NMR spectroscopy). Upon warming this sample to room temperature, formation of the linear l,19-dimethylnonadecandioate and the bridged hydride carbonyl complex 3 was observed. A trace amount ( < 1 %) of the branched ester was found, as evidenced by its l3C NMR shifts ( Figures S33-S35, SI) . Also, under reaction conditions of preparative methyl oleate methoxcarbonylation (methyl oleate/Pd = 125/1; 20 bar CO; 90 QC; 90 h) the formation of a small amount «0.5%) of the branched diester was observed, as evidenced by gas chromatography (GC), by comparison to a genuine sample of the compound.
To further work out the reactivity differences responsible for the overall selectivity, the reaction was studied at -60 QC starting directly from a methanol solution (CD 3 0D/CD 2 CI 2 = 2/3 by volume). Dissolving complex 1 in this solvent mixture yielded 2 D -CDPD (vide supra). Addition of2 equiv of methyl oleate afforded a mixture of the alkyls 6 and 7?4 Upon addition of 5 equiv of BCO to this solution, complex 9 formed (as evidenced by l3C and 3!p NMR spectroscopy) along with some linear diester, 1,19-dimethylnonadecandioate ( Figures S41 and  S42, SI) . Notably, S-L or S-l3CO are not observed under these conditions, due to rapid methanolysis to the linear diester. Finally, warming this sample to room temperature again results in the formation of further linear l,19-dimethylnonadecan. dioate, trace amounts «1%) of the branched diester, and complex 3. 25 These observation indicate that methanolysis of the linear acyl complexes (S·L and S·CO) is faster than methanolysis of the branched acyl species 9. This decisive difference in the methanolysis rate was further confirmed by DFT studies. For methanolysis of the linear acyl species (S), a barrier of AG* = 29.7 kcal mol-! was calculated by comparison to AG* = 37.7 kcal mort for methanolysis of the branched species (9) (cf. SI for details, Figures S46 and S47 ).
SUMMARY AND CONCLUSIONS
Our comprehensive direct experimental observations of intermediates and their reactivity at low temperatures reveal the follOwing key mechanistic features ( Figure 5 ). In the isomerization equilibrium along the alkyl chain, the terminal linear alkyl (6) by far predominates over the branched midchain alkyls. Only one branched alkyl occurs in amounts roughly similar to that of the linear alkyl species, due to its stabilization by chelating coordination of the adjacent ester group from the oleate substrate (7). Both the preference of this four-membered chelate over the corresponding five-or sixmembered chelate isomers which are not observed, and the strong preference for linear alkyls over branched alkyls can be related to the extremely bulky diphosphine ligand, which restricts the available space around the other two coordination sites of the square-planar metal center. Both the linear alkyl species and the chelate-stabilized branched alkyl species can insert CO. The linear CO insertion product (8) is subject to methanolysis to the linear a,m-diester product, which represents the rate-determining step of product formation. By contrast, the resulting branched acyl insertion product (9) resists methanolysis, such that the corresponding branched malonic ester does not form to any Significant extent. Nonetheless, the pathway leading to 9 (right cycle in Figure 5 ) is not a dead end, which would shut down catalysis rapidly. While 9 possibly represents a catalyst resting state, its formation is reversible, and this dormant species can interconvert with the productive catalytic cycle (left cycle in Figure 5 ). These two decisive features of the reactivity of 9 are supported by theoretical studies.
In summary, the extraordinary selectivity of isomerizing alkoxycarbonylation of unsaturated fatty acid esters can be traced to two decisive points, which are responsible for the kinetically controlled formation of the linear a,m-product: a preference for linear insertion products, and the relatively slow methanolysis of the branched chelating acyl. An understanding of the influence of different substituents and backbones of the diphosphines on the various underlying steps and their interplay in this synthetically very useful reaction should be an issue of interest in future studies.
III EXPERIMENTAL SECTION
All manipulations of phosphines or palladium complexes were carried out under an inert nitrogen or argon atmosphere using a standard glovebox or Schlenk techniques. BCO and methyl oleate-ll3 C were purchased from Aldrich. 1,3-Bis(di-tert-butylphosphino)propane 26 and 1-l3 C-Iabeled l_octene 27 were synthesized according to slightly modified literature procedures. Deuterated solvents were supplied by Eurisotop and stored over 3 A molecular sieves. NMR spectra were recorded on a Varian Unity !nova 400 equipped with a 4NUC/ switchable mode -5 mm "direct detection" probe, a Bruker Avance III 400 equipped with a BBFO plus probe or a Bruker Avance III 6QO equipped with a QXI-H/C/N/P quadruple resonance probe. NMR temperature calibration was performed using pure methanol. To establish the methine proton in the a-position of the carbonyl group a multiplicity-edited 'H, l3 C HSQC was recorded in which the carbonyl region was decoupled using the WALTZ16 sequence ( Figure S27, SI) . The assignment of CH-and CP-coupling patterns was supported by one-dimensional-BC spectra with additional decoupling of the 3'p resonances using GARP. Acquired data were processed and analyzed using MestReNova software. For detailed' experimental procedures see the SI.
Synthesis of [(P"P)PdH(pyridineW(OTft (2-pyr). Fifty milligrams of [(P"P)Pd(OTf)]+(OTf)-(0.068 mmol, 1.0 equiv) were dissolved in 5 mL of methanol (MeOH) and stirred for 15 min at room temperature. One milliliter of pyridine (pyr) was added, and the resulting solution was stirred for another 15 min. Volatiles were then removed under reduced pressure, and the resulting off-white solid was washed several times with Et 2 0. Yield: 54.9 mg [(P"P)PdH-(pyridine)]+(OTf)-including 1 equiv of pyridinium triflate (0.061 mmol, 90% NMR Tube Experiments. NMR tubes were charged with solid reagents and the appropriate solvent or solvent mixture in a glovebox. All tubes were sealed with rubber septa. Liquid reactants were added with Hamilton microliter syringes, and tubes were thoroughly shaken after each addition. To adjust low temperatures, isopropanol! dry-ice cooling baths were used, and temperatures were checked prior to each step. Unless noted otherwise, carbon monoxide was added at low temperatures using a three-way stopcock, a compressed gas cylinder equipped with a pressure relief valve that was connected to a vacuum line, and a small Schlenk flask sealed with a rubber septum. The system was evacuated and backfilled with 1 atm (ambient pressure) of CO. Gas was transferred into the NMR tubes with 1 mL syringes, and tubes were briefly shaken after each addition. For calculating the appropriate volume, ideal gas conditions were assumed.
Computational Details. DFT calculations were performed with the Gaussian09 ~ackage28 using the B3LYP29 functional and the LANL2DZ ECP 3 with the associated valence basis set on the Pd atom and the 6-31G(d)3' basis set on all the other atoms. All geometries were localized in the gas phase at the B3LYP level. Minima were localized by full optimization of the starting structures, while transition states for CO insertion and for the methanolysis reaction were approached through a linear transit procedure starting from the CO and the methanol (as a Single molecule and as a three-molecule duster) coordination intermediate and then located by a full transition state search. All structures were confirmed as minimum or transition state through frequency calculations.
In all the calculations we used the 1,2-( CH2P'Bu2hc6H4 ligand because it has a somewhat more rigid phosphine backbone compared to the I,3-bis( di-tert-butylphosphino )propane ligand. This rigidity reduces the number of conformers and facilitates the identification of ground and transition states. This decision was based on the experimental observation that the two Pd(U) complexes show a similar performance in the methoxycarbonylation of methyl oleate. Finally, the linear alkyl [(P"P)PdCH 2 (CH 2 )sCOOCHJ+ and the branched alkyl [(P"P)PdCH{(CH2)4CH3}COOCH3]+ species were selected as smaller suitable systems to model the Pd-alkyl complexes 6 and 7 respectively ( Figure S43 , SI).
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